Abstract: Synthesis plans for the following important industrial commodity chemicals using phosgene and phosgene-free chemistries have been analyzed and compared by green metrics to determine the most material-efficient routes so far developed (number of plans given in parentheses): dimethyl carbonate (DMC) (31), diphenyl carbonate (DPC) (40), diphenylurea (DPU) (23), methyl carbamate (MC) (8), methyl chloroformate (MCF) (6), methyl N-phenylcarbamate (MNPC) (25), methyl phenyl carbonate (MPC) (32), phenyl isocyanate (PI) (19), phenyl chloroformate (PCF) (10), and urea (13). Implications of these results are discussed.
INTRODUCTION
Since its accidental discovery by John Davy, brother of the famous Sir Humphry Davy, nearly two centuries ago in 1812 [1] , phosgene (carbonic acid dichloride, carbon oxychloride, carbonyl chloride) has been a cornerstone industrial commodity chemical used to synthesize other valuable chemical intermediates and end-products such as poly-and cyclic carbonates, isocyanates, diisocyanates, carbamoyl chlorides, chloroformate esters, and ureas [2] [3] [4] . In organic synthetic methodology, phosgene is a powerfully useful reagent for inserting the carbonyl functionality owing to its highly electrophilic center, which is susceptible to nucleophilic attack by species such as alcohols and amines. A survey of an extensive synthesis database [5] shows that it has been used to make various agrichemicals, dyestuffs, pharmaceuticals, and natural products: carbaryl [6] , indoxacarb [7, 8] , crystal violet [9, 10] , indigo [11] , Mischler's ketone [10] , Schollköpf's reagent [12] in the synthesis of sitagliptin [13] , suramin [14] [15] [16] , cephalosporin C [17, 18] , (2S,4R)-hypoglycin A [19, 20] , (+)-longifolene [21, 22] , (+)-lysergic acid [23] , (+)-paclitaxel [24] [25] [26] [27] [28] [29] [30] [31] [32] , strychnine [33, 34] , (-)-vindoline [35, 36] , vitamin A [37, 38] , (±)-welwitindoline A [39, 40] , and biotin [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . Other key chemical advantages for phosgenation reactions are that they are rapid and they generate desired products in high yields with no side reactions. Because phosgene is a gas, it is easy to separate from liquid or solid products. However, consistent with chemistry as a science of compromise, these advantages are outweighed by the high toxicity, hazards, and safety precautions associated with using this reagent [4] . More serious than these drawbacks is its notorious legacy as a chemical warfare agent in World War I (1914) (1915) (1916) (1917) (1918) [59] , known under the name White Star or the military code CG. It is claimed to have been responsible for at least 80 % of the deaths caused by chem-ical weapons in that conflict though other sources suggest that it was mustard gas [60] [61] [62] [63] [64] [65] [66] . Consequently, phosgene is now listed as a highly regulated substance in Schedule 3 of the Chemical Weapons Convention (CWC) approved in 1992 and ratified in 1997 by 188 countries [67] [68] [69] . Its manufacture, use, and distribution are tightly controlled. Any chemical plant producing this substance in excess of 30 metric tonnes per year must declare who they are, including the precise latitude and longitude coordinates of the plant site, the purpose of its manufacture, and also submit themselves to inspection at any time. Owing to its safety risks and restrictive trade, phosgene is typically made and used on site.
In order to circumvent the toxicity and hazard issues with phosgene, the liquid diphosgene (trichloromethyl chloroformate, TCF) [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] and solid triphosgene [bis(trichloromethyl)carbonate, BTC] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] were the first-generation alternatives advanced as substitutes. These compounds are made by photochlorination of methyl chloroformate (MCF) [77] and dimethyl carbonate (DMC) [82, 83] , respectively. However, owing to the stigma and fear associated with the phosgene name, organic chemists only began using them in the 1970s well after their initial discoveries in 1887 and 1880, respectively. Representative examples of synthesis plans taken from the above-mentioned synthesis database [5] that have used these reagents include: N,N'-diethyl-m-toluamide (DEET) [91] , (-)-epibatidine [92] , (-)-paclitaxel [93] [94] [95] , (±)-physostigmine [96] , and thienamycin [97, 98] . The combined modern concerns about national security and environmental stewardship and sustainability have further moved the chemical industry as a whole to seek nonchlorinated alternative reagents to manufacture the same chemical commodity products that were once made with phosgene. In this vein, DMC has gained considerable attention as an alternative under the green chemistry rubric and has been extensively discussed in the literature [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] . Though DMC satisfies a better safety and hazard profile it is far less reactive than phosgene, and, therefore, reactions in which it is used as a reagent require a catalyst to improve reaction performance. These catalysts are usually mineral substances such as zeolites or metal salts, which themselves require preparation from other precursors via calcination, a process that is energy-demanding because precatalysts need to be heated at elevated temperatures, typically 500 °C. Also, the possibility that reactions are reversible is much higher. Again, this is another compromise situation where kinetic and thermodynamic factors need to be overcome, but it is better than the former one. Table 1 summarizes various physical and toxicity properties for phosgene, diphosgene, triphosgene, and DMC. In this work, the specific material efficiency performances of syntheses of DMC, diphenyl carbonate (DPC), diphenylurea (DPU), methyl carbamate (MC), MCF, methyl N-phenylcarbamate (MNPC), methyl phenyl carbonate (MPC), phenyl isocyanate (PI), phenyl chloroformate (PCF), and urea were determined using the standard green metrics: percent reaction yield, percent atom economy (AE), and E-factor. For each of these compounds both phosgene-and non-phosgene-based syntheses were examined in order to gauge the progress that has been made in "greening up" their manufacture. All plans are ranked according to E-factor, and best plans are highlighted for each group.
GREEN METRICS ANALYSIS METHODOLOGY
Radial pentagon analysis was used for assessing reaction performance for individual reactions [111] using the relation for reaction mass efficiency (RME) and E-factor given by eq. 1
where ε is the reaction yield with respect to limiting reagent, AE is atom economy, 1/SF is the inverse of the stoichiometric factor, which designates the consumption of excess reagents (SF = 1 means that no excess reagents are used, SF > 1 means that at least one reagent is used in excess), MRP is the material recovery parameter, which designates the consumption of all auxiliary materials other than reactants, and E is the total E-factor, which is the ratio of mass of overall waste to mass of desired product. In turn, the following expressions given by eqs. 2a-d were used to determine the contributions to the total E-factor from by-products, side-products, and unreacted starting materials (E-kernel), excess reagent consumption (E-excess), and auxiliary materials used in work-up and purification operations (E-aux).
E-total = E-kernel + E-excess + E-aux (2d)
In this formalism, waste products designated as by-products are necessarily distinguishable from side-products. By-products arise as a mechanistic consequence of producing the intended target product in a reaction; whereas, side-products arise from an entirely different reaction pathway, and therefore a different mechanism, but beginning from the same set of starting materials. Such a side-reaction competes in parallel to the intended reaction. For syntheses involving more than a single reaction step, the algorithm to work out global E-factors and contributing E-factors described elsewhere was used [112] . In carrying out all of these computations, the best available experimental write-ups were selected from patents and journal articles that covered all of the major reaction routes used by industry to the target molecules. In cases when work-up and purification materials were not disclosed in experimental procedures, assumptions employed by the environmental assessment tool for organic synthesis (EATOS) were used [113] [114] [115] . For gaseous reagents, the ideal gas law was applied to determine molar and mass amounts of reagents as appropriate. Studies that dealt with catalyst optimization did not report percent yields per se, but typically reported instead percent conversion of starting materials to products and percent selectivities toward specified products as a function of catalyst type, amount, and other reaction conditions. For these cases, proper reaction yields were determined as the product of these two quantities as appropriate.
A simple tutorial exercise that illustrates nicely the tradeoff between toxicity, hazard, and material efficiency is a comparison of the AEs for the preparation of urea using phosgene, diphosgene, triphosgene, and DMC with ammonia as shown in Fig. 1 . Since diphosgene and triphosgene effectively produce two and three molecules of phosgene respectively, AEs for reactions involving these reagents are identical to that involving phosgene. Hence, the diphosgene reaction is equivalent to multiplying the parent phosgene reaction by a factor of two; similarly, for the triphosgene reaction the multiplying factor is three. All three reactions produce ammonium chloride as a by-product originating from the secondary neutralization reaction of hydrochloric acid. Reaction with DMC, on the other hand, results in a loss of two molecules of methanol and utilizes the least stoichiometric amount of ammonia, since all the ammonia ends up in the target urea. As an example calculation, the percent AE for the reaction using diphosgene is given by %AE = [2M w (urea)/[M w (diphosgene) + 8M w (ammonia)]*100 = 35.9
The safest reagent among the phosgene series results in the same AE as the parent reaction but at the expense of utilizing greater quantities of ammonia; whereas, the safest reagent overall, DMC, results in the highest AE and utilizes the least quantity of ammonia.
A key illustration of the full scope of the material efficiency metrics highlighting the radial pentagon analysis is given in the following synthesis examples for PI and DPC. For each compound, the starting materials compared are phosgene, diphosgene, triphosgene, and DMC. Bottlenecks and advantages for each reaction are readily seen from the shapes of the radial pentagons. Tables 2 and 3 a See ref. [120] . b See ref. [121] . c See ref. [122] . d See ref. [123] .
For the PI syntheses we observe that
• the AEs are roughly the same, the phosgene and diphosgene cases have lower values than the triphosgene case because the latter begins from aniline rather than the hydrochloride salt of aniline; • the reaction yield performance is best for phosgene and diphosgene; • all phosgene-based reactions are run essentially under stoichiometric conditions, whereas, significant excess reagent consumption is employed for the DMC case since this is necessary to shift the equilibrium reaction toward product; • all reactions require reaction solvent; • the safest DMC reaction has the lowest reaction yield, uses a significant amount of excess reagent, is the only one requiring a catalyst to proceed which needs to be prepared by an energy-demanding calcination process, and has the highest reaction solvent demand; and • all phosgene reactions have similarly shaped and sized pentagons, whereas the DMC case has the smallest and most distorted pentagon. Table 2 .
From these results it can be concluded that the most hazardous phosgene reaction is clearly the most material-efficient overall on all counts; whereas, the safest DMC reaction is the least material-efficient and likely the most energy-demanding. It can be argued that the excess DMC need not be destined for waste and therefore can be recovered and reused for further reaction with more aniline over several cycles until it is completely converted to PI product. The hope is that the catalyst will not need replacing and its turnover performance will not change significantly over the iterative reaction cycles. It should be noted that the excess DMC used also functions as a reaction solvent in this transformation.
For the DPC syntheses we observe that
• the radial pentagons show more variation in size and shape than in the PI cases; • the phosgene and DMC cases have the highest AEs while the diphosgene and triphosgene cases have lower values because the latter pair involves bases as co-reagents whereas the former pair does not; • again, the phosgene-based reactions have significantly higher yields than the DMC reaction; • again, the phosgene-based reactions are run under stoichiometric conditions unlike DMC; • the diphosgene case is unusually high in its solvent demand due to both reaction and work-up solvent usage, the phosgene and DMC reactions have almost no auxiliary solvent demand;
• the DMC excess reagent consumption is higher than the phosgene-based reactions but not to the same degree as for the PI examples; and • the phosgene reaction has the largest radial pentagon, the diphosgene and triphosgene ones are similarly sized and shaped, and the DMC pentagon again shows the most distortion.
From these results, we can conclude once again that the most hazardous phosgene reaction is the clear winner for material efficiency on all counts; however, the safest DMC reaction performance comes in at second place slightly ahead of the triphosgene case. The diphosgene case is unusual in its high solvent demand, thus making it the worst all-round performer. In both examples, the tension in "greenness" performance between safety and toxicity vs. material efficiency vs. energy efficiency is clearly demonstrated. Synthesis methodology E-factor % AE % Yield Reference Green metrics assessment 841 Green metrics assessment 843 Table 9 (Continued).
SYNTHESIS PLANS TO INDUSTRIAL TARGETS
Synthesis methodology E-factor % AE % Yield Reference 4 12.0 52.8 83 262 Phenol + DMC; cat = Ti(OiPr) 4 14.5 82.6 8 263 Phenol + DMC; cat = Ti(OPh) 4 14.9 82.6 21 264 Phenol + DMC; cat = Ti(OPh) 4 15.9 82.6 20 265 Phenol + DMC; cat = Ti(OPh) 4 19. Green metrics assessment 845 Green metrics assessment 847 
REACTION NETWORKS
The various synthetic routes to the target commodity chemicals examined in this work may be conveniently displayed using a reaction network as shown in text. In the simpler phosgene network, phosgene is the central starting material for all products and so it appears as a central node. By contrast, the non-phosgene network shows a greater degree of interconnectedness among the target nodes. The overall best-performance network is shown in Fig. 17 . From this it can be seen that phosgenation is still the most material-efficient route to PI and MCF. Figure 18 shows an E-factor comparison of phosgene-and non-phosgene-based routes under weak and strong conditions. The overall aim is to have E-factor (non-phosgene route) < E-factor (phosgene route). When comparing best non-phosgene routes against worst phosgene routes (weaker criterion), greenness has been apparently achieved for PI, DPU, and DPC; but, marginally for PCF and definitely not for MCF. When comparing best non-phosgene routes against best phosgene routes (stronger criterion), greenness has been achieved convincingly for DPU, but marginally for PCF and DPC. Green metrics assessment 849 shifts marginally in the direction of phosgene, and still MCF is better made using phosgene by the same E-factor difference as under the weaker criterion. It is clear that satisfying the E-factor inequality under the stronger criterion is more challenging. It is evident that MCF and to a lesser extent PI require further improvements with respect to E-factor reductions. Of these two, MCF is more challenging since it is a chlorine-containing compound and hence requires a chlorine-based precursor for its synthesis. The same thing may be said for PCF.
CONCLUDING REMARKS
Though phosgene is an extremely versatile reagent in organic synthesis for inserting carbonyl functionality from a kinetic and thermodynamic standpoint and in industry for the production of important commodity chemicals, its associated hazards, notorious reputation as a chemical weapon, and highly regulated manufacture, use, and distribution have unfortunately made it an overall taboo chemical. Great efforts have been made to reduce and avoid its use altogether as evidenced by a rigorous evaluation of material efficiency green metrics presented in this work. The radial pentagon and global E-factor metrics algorithms have proved to be effective in identifying best material-efficient routes, pinpointing bottlenecks, and giving direction for future optimization. However, they formally focus only on material consumption efficiency and do not include energy consumption efficiency, toxicity, and hazard assessment. Hence, it may be argued that even thorough E-factor evaluations alone do not tell Green metrics assessment 851 the whole story. The radial pentagon examples given for PI and DPC show that it is very difficult to satisfy a three-way optimization involving material efficiency, energy efficiency, and tolerable safety/toxicity profiles. When faced with a situation of deciding between using a hazardous reagent that results in lower waste production over using a safer one that does not, it is not always clear that safety/toxicity factors will always trump waste production. An important point that needs to be made is that most of the work done on DMC reactions is focused on finding the optimum reaction condition parameters such as catalyst choice, catalyst loading, reagent feed rate, temperature, pressure, solvent choice, and substrate-to-catalyst ratio. Reactions are carried out in pressurized autoclaves on a small scale, typically hundreds of millimoles, and final products are not actually isolated but determined from chromatographic product studies only. What has not been demonstrated convincingly, once such optimum conditions are found, is to scale up the reaction sufficiently to actually isolate products and gauge reaction performance as a function of scale. Claims of efficiency are essentially hinged on percent conversion of starting material to products and percent selectivity to the desired product. The observation that reactions involving DMC are energy-intensive has not been addressed. Additionally, all of the reported chemical literature suffers a serious drawback in that no explicit experimental data for energy consumption is ever reported as a standard protocol for any chemical reaction, though guesses can be made from reaction conditions such as temperature and pressure. Also, data necessary for a complete life cycle analysis including rigorous and standard metrics for hazards, toxicity, and environmental impact are hard to locate, are unknown or unreliable, and/or are fragmented. This lack of readily available and reliable data makes it nearly impossible to do a complete unbiased evaluation of "greenness" that covers all aspects. It is also the main reason that will impede green chemistry from making headway in mainstream chemistry research and education in academia and industry if left unchecked. Mercer, Jessop, and Andraos have advanced a preliminary method of green metrics material and lifecycle analysis using various academic and industrial syntheses of aniline as an example [309] that represents a preliminary attempt to deal with this situation. A key aim in reaction optimization with respect to green chemistry principles is to achieve synergy between material and energy efficiency, minimum environmental impact, and maximum safety so that all of these attributes appear in the same reaction or synthesis plan in a relative sense, that is, when several routes to a given target are compared. An important caveat in implementing green chemistry principles is that it does not always result in an overall win-win situation on every metrics parameter in an absolute sense. Chemistry is an experimental science based on trial-and-error and often leads to compromises. Thermodynamics and cost of starting materials, whether market-driven or artificially fixed, are often the final arbitrators of feasibility and decision-making. Therefore, the ranking results presented in this work will change significantly when both material and energy efficiencies are considered, for example, and again when toxicity and hazard are included. This change of ranking is inevitable for non-phosgene chemistry where energy demand is known to be high owing to catalyst preparation and activation. It is hoped that these analyses will be used by chemists in industry as a stepping stone for future developments and improvements in greening up phosgene-based target molecules, and most especially in the complete reporting of their results to the wider chemical community.
